After the completion of its genomic sequencing, rice (Oryza sativa L.) has become firmly established as the premiere model plant among monocot crops. Various genetic resources have been developed for rice to accelerate the identification and characterization of rice genes with as-yet unknown functions. These resources include collections that carry natural variations and progeny derived from chemical and irradiation mutagenesis. Collections of rice strains with natural or artificial DNA insertions that create loss-of-function mutations have been of great importance for gene discovery and tagging. However, it is often difficult to observe mutant phenotypes for functionally duplicated genes and genes essential for plant growth and development. To overcome this disadvantage, gain-of-function strategies have been developed, including activation tagging and full-length cDNA overexpressing gene (FOX)-hunting systems. In this review, we summarize the current status and discuss the advantages and disadvantages of the gain-of-function approaches, and then, perspectives on accelerating discovery of rice genes.
Introduction
With more than 100,000 varieties, rice is a staple food for nearly half of the world's population (Khush 2005) , providing more than 21% of the global human caloric intake (Fitzgerald et al. 2009, Zeigler and Barclay 2008) . In addition to its economic importance, rice is also recognized as the best model plant for monocot crops (Paterson et al. 2005 , Xu et al. 2005 . This is because of its small genome size (430 Mb) compared to other cereals, its ease of transformation, and the extensive availability of molecular and genetic information. Based on the total number of expressed loci, unmapped rice full-length cDNA (flcDNA) clones, and ab initio predictions, the Rice Annotation Project (2007) estimated the number of rice genes at 31,641. A publicly available infrastructure for rice bioinformatics has been developed based on the genome sequence and curated data (reviewed by Sasaki et al. 2005) . Typical examples of these integrated databases are the Rice Annotation Project Database (RAP-DB) (Ohyanagi et al. 2006 , Rice Annotation Project 2008 , and the Rice Genome Browser from the MSU Rice Genome Annotation Project (Ouyang et al. 2007) . However, only about one-fourth (7,189 loci) of the potential open reading frames (ORFs) have been assigned functions by BLASTX searches (Rice Annotation Project 2007). Thus, natural and/or artificial mutant resources of rice are of enormous importance for accelerating the identification and characterization of rice genes with currently unknown functions.
Various genetic resources of rice have been produced. Some of these resources are based on natural variations, such as populations of backcross inbred lines (BILs), nearly isogenic lines (NILs), and chromosome segment substitution lines (CSSLs). These populations are publicly available and highly useful for the mapping and subsequent map-based cloning of agronomically important genes and quantitative trait loci (QTLs) (Ebitani et al. 2005 , Fukuoka et al. 2010 , Lin et al. 1998 .
Other genetic resources have been derived from mutagenesis with alkylating chemicals. High-frequency mutation in rice progeny treated with 1-methyl-1-nitrosourea (MNU) has been observed . Many of the mutations caused by MNU are base-pair substitutions (Suzuki et al. 2010) , which result in silent and missense mutations in Communicated by M. Yano Received November 7, 2010 . Accepted November 17, 2010 various rice genes. Using MNU-induced mutant pools, many genes have been identified by positional cloning (Kurata et al. 2005) .
A third type of mutant collection is derived from insertions of endogenous or exogenous DNA elements to generate loss-of-function mutations , Hirochika et al. 2004 . For example, transferred DNA (T-DNA) insertion lines , Chen et al. 2003 , Ryu et al. 2004 , Sallaud et al. 2004 , a large population of rice strains bearing retrotransposon Tos17 insertions (Miyao et al. 2003 , and large pools of rice bearing insertions of the transposable element Ds (Kolesnik et al. 2004 , Park et al. 2007 , Upadhyaya et al. 2002 , van Enckevort et al. 2005 have been generated and made available to the public (Hirochika 2010 , Krishnan et al. 2009 ). These loss-of-function resources and their databases are very convenient for hunting rice genes. Currently, more than one million insertion lines have been generated, and more than 180,000 flanking-sequence tags (FSTs) have been mapped on the rice genome (Krishnan et al. 2009 ). Krishnan et al. (2009) estimated that 51% of protein-coding genes carry FSTs that can produce knockout mutations, assuming that DNA insertions in exons, introns and 5′-untranslated regions induce gene knockouts.
Although loss-of-function resources and databases are of great importance for the isolation and functional analysis of genes, their potential disadvantages should be considered. In rice, 29% of the genes exist as clustered gene families (International Rice Genome Sequencing Project 2005). More recently, Salse et al. (2008) identified 29 duplicated regions in the rice genome, which cover 72% (267 Mb) of the genome. Furthermore, gene families with functional redundancy have been reported, such as gibberellin 2-oxidase family involved in the inactivation of bioactive gibberellins (Lo et al. 2008) . When using loss-of-function strategies and resources, multiple knockout mutants must be generated to determine the function of redundant genes. Additionally, if a gene is essential for plant growth and development, obtaining a loss-offunction mutant is very difficult. To overcome these disadvantages, gain-of-function strategies have been adopted. Hereinafter we focus on the characteristics of transgenic resources produced in rice using gain-of-function strategies, paying particular attention to activation tagging and fulllength cDNA overexpressing gene (FOX)-hunting systems.
Activation-tagging lines
Activation tagging is a gain-of-function strategy that is useful for studying genes whose function cannot be resolved by loss-of-function mutagenesis. Activation tagging in plants was first proposed for elucidating gene function in Arabidopsis (Walden et al. 1994) . Activation tagging uses multiple transcriptional enhancers (typically those from the 35S promoter of cauliflower mosaic virus (CaMV)) positioned near the T-DNA border, to activate the expression of tagged genes in the genomes of transgenic plants. In further studies, strong activator elements from the 35S promoter placed in the T-DNA (Ito and Meyerowitz 2000 , Kardailsky et al. 1999 , Lee et al. 2000 , Weigel et al. 2000 or transposable elements (Marsch-Martinez et al. 2002 , Wilson et al. 1996 have been randomly inserted into the Arabidopsis genome via T-DNA transfer. Genes adjacent to the insertion site display enhanced expression regardless of the direction of the enhancer elements. These overexpressed genes then reveal dominant gain-of-function phenotypes.
A number of mutant resources of rice have also been generated by activation tagging using CaMV 35S enhancer multimers for both forward and reverse genetic screens (Table 1) . It has been demonstrated that these 35S enhancer elements efficiently increase the expression of flanking genes on both their 5′ and 3′ sides in rice (Hsing et al. 2007 , Jeong et al. 2002 , Wan et al. 2009 , as is the case with Arabidopsis . The activation efficiency tends to be high when the duplicated 35S enhancers are inserted within 7 kb of an endogenous rice gene (Wan et al. 2009 ). Strong enhancement of gene expression has also been observed when the tetrameric 35S enhancers were located within 10.7 kb (Jeong et al. 2006 ) and 12.2 kb (Qu et al. 2008) or when the 35S octamers were positioned 12.5 kb (Hsing et al. 2007) upstream of the start codon of the tagged gene.
Initially, T-DNA vectors were used to generate activationtagging resources in rice , Hsing et al. 2007 , Jeong et al. 2002 , Mori et al. 2007 , Wan et al. 2009 ). By analyzing 41,234 activation-tagging lines, Jeong et al. (2006) obtained 27,621 flanking sequence tags (FSTs), among which 12,505 were integrated into genic regions and 15,116 into intergenic regions. Activation of the adjacent genes was observed in 52.7% of the T-DNA lines. Hsing et al. (2007) obtained 11,992 FSTs from 18,709 transgenic lines, and the T-DNAs were preferentially (79.2%) integrated into genic regions. They also described growth and developmental phenotypes of 22,665 T 1 plants, and classified into 11 categories and 65 subcategories . Wan et al. (2009) generated approximately 50,000 activation tagging lines and observed altered phenotypes in 6,000 T 0 and 36,000 T 1 plants, and identified about four hundred dominant mutants in the T 0 lines. Recently, a transposon-based activation-tagging system has also been developed (Qu et al. 2008 (Qu et al. , 2009 ). Transposon insertional mutagenesis is an effective alternative to T-DNA mutagenesis for various plants including those recalcitrant to genetic transformation, because the Ac-Ds can transpose widely in the genomes of many plant species. A total of 638 stable Ds transposant plants were screened among T 3 seedlings from 2,086 T 2 plants that were obtained from selfing 26 primary transformants (designated T 1 generation). Through the analysis of 559 transposants, 311 of the Ds insertions were mapped on the rice chromosomes (Qu et al. 2008) .
The enhanced gene expression does not always result in phenotypic alterations because most activation tagging causes quantitative increases in the expression of endogenous genes without changing their tissue specificity (Jeong et al. 2002 , Neff et al. 1999 , Weigel et al. 2000 . This is unlike the ectopic expression driven by the rice Actin-1 and maize Ubiquitin-1 promoters, which cause constitutive overexpression in many tissues (Cornejo et al. 1993 , McElroy et al. 1990 .
As abovementioned, the multiple enhancers can occasionally activate endogenous genes more than 10 kb upstream or downstream from the inserted enhancer (Hsing et al. 2007 , Jeong et al. 2006 , Wan et al. 2009 ). As a result, the effects of gene activation by the transcriptional enhancers are not limited to a single gene. If the expression of two or more genes is enhanced simultaneously, the activation-tagging mutants show complicated phenotype(s) . Moreover, in activation tagging, a transcriptional enhancer is introduced at random into a host genome to activate transcription of endogenous gene(s) near the enhancer. Therefore, it is difficult to obtain a complete set of tagged mutants for the functional analysis of all genes.
While there may be some disadvantages, the usefulness of the activation-tagging system in rice has been demonstrated with the identification of valuable genes (Ayliffe and Pryor 2009 ). Furthermore, activation tagging resources have advantages over gene-knockout mutants, because beneficial traits that may be applicable to crop improvement have often been generated. These include increased tiller formation and enlarged tiller angle by the activation of a NAC-domain protein (OsNAC2) gene (Mao et al. 2007 ), a lesion-mimic phenotype and resistance to bacterial blight by the activation of an acyltransferase-like gene, OsAT1 (Mori et al. 2007) , and elevated levels of bioavailable metals in rice seeds by the nicotianamine synthase 3 (OsNAS3) gene ). These examples were screened from among activation tagging populations (Mao et al. 2007 , Mori et al. 2007 or from the rice FST database (Jeong et al. 2006 ). Hence, activation-tagging resources are valuable for the systematic functional analysis of rice genes. Activation tagging has also been successfully used in other species including barley (Ayliffe et al. 2007) , resurrection plant (Furini et al. 1997) , Madagascar periwinkle (van der Fits and Memelink 2000), petunia (Zubko et al. 2002) , tobacco (Ahad et al. 2003) , tomato (Mathews et al. 2003) , and poplar (Busov et al. 2003) .
Rice FOX-rice resources
To avoid the disadvantages in the activation tagging as described in the previous section, Ichikawa et al. (2006) developed the FOX-hunting system and generated novel gain-of-function transgenic lines. Approximately 10,000 independent Arabidopsis fl-cDNAs were placed under the control of the 35S promoter for individual overexpression and introduced into Arabidopsis, generating more than 15,000 Arabidopsis FOX-Arabidopsis lines. Ectopic overexpression of fl-cDNAs causes various dominant mutant phenotypes. Ichikawa et al. (2006) reported that the spectrum of mutations in the Arabidopsis FOX-Arabidopsis lines is almost the same as those in the activation-tagged mutants. However, the frequency of visible mutant phenotypes was much higher (9%) in the FOX population than in the activationtagging lines (2%). These results imply that the FOX lines are more efficient for the screening of genes with useful traits than the activation-tagging resources . Nakamura et al. (2007) and Hakata et al. (2010) applied the FOX-hunting system to rice for the comprehensive functional analysis of rice genes (Table 2) . Rice fl-cDNA clones were originally collected and sequenced by two groups, the Institute of Physical and Chemical Research (RIKEN) and the Foundation for Advancement of International Science (FAIS) Rice Full-Length cDNA Consortium (2003) . Rice flcDNA clones collected by RIKEN were used to generate RIKEN rice FOX-rice lines (Nakamura et al. 2007) . A normalized mixture of 13,980 rice fl-cDNAs from RIKEN was then individually placed under the control of the maize Ubiquitin-1 promoter, and the resulting expression library of fl-cDNAs was introduced into rice via Agrobacterium (Fig. 1) . The Ubiquitin-1 promoter is stronger than the 35S promoter in rice and is highly expressed in various rice tissues (Cornejo et al. 1993 , Park et al. 2010 . A total of 11,582 independent transgenic lines expressing RIKEN rice flcDNAs were generated and evaluated. Amplification by genomic PCR and sequencing analysis of the integrated flcDNA fragments revealed that 5,462 independent fl-cDNAs are inserted in the RIKEN rice FOX-rice lines (Table 2) . Recently, a novel population of rice FOX-rice lines has been produced using rice fl-cDNAs from FAIS (Hakata et al. 2010) . Expression libraries composed of a maximum of 13,823 independent rice fl-cDNAs driven by the rice Actin-1 promoter were introduced into rice to generate a new population of FOX lines (FAIS rice FOX-rice lines). The rice Actin-1 promoter is also stronger than the 35S promoter in rice cells and is highly expressed in both vegetative and reproductive tissues (McElroy et al. 1990 , Park et al. 2010 . Currently, 2,586 transgenic lines overexpressing FAIS rice fl-cDNAs have been generated. Sequencing analysis has revealed that 1,920 independent fl-cDNAs were inserted into the FAIS FOX-rice lines.
A total of 14,168 rice FOX-rice lines have been produced. When comparing the integrated fl-cDNAs in the RIKEN (5,462) and FAIS (1,920) FOX lines, it was found that 332 fl-cDNAs of each are located at the same loci. Thus, a total of 7,050 unique fl-cDNAs are inserted in both rice FOX-rice lines (Table 2 ). In the FOX lines, eight potential phenotypes (three classes) that are related to characteristics on calli, regenerants, and roots were added to the 53 phenotype descriptors (12 classes) for the classification of mutant phenotypes adopted in the Tos17-insertion lines of rice . Similar to what was previously reported in the Arabidopsis FOX-Arabidopsis lines (Ichikawa et al. 2006) , interesting and remarkable mutant phenotypes have been observed in both the rice FOX-rice lines (Hakata et al. 2010 , Nakamura et al. 2007 ). Some of these mutants include extreme dwarves caused by the overexpression of a novel rice gibberellin 2-oxidase (Nakamura et al. 2007 ) and by two distinct fl-cDNAs encoding cytochrome P450 family proteins that are highly similar to the Arabidopsis brassinosteroid inactivating enzyme BAS1 (Hakata et al. 2010) , a lesion mimic phenotype by the overexpression of an flcDNA for putative Mu2 adaptin subunit of AP2 clathrin adaptor (Nakamura et al. 2007) , growth promotion by an flcDNA for a TIFY/ZIM domain protein (Nakamura et al. 2007) , green callus phenotype by the transcription factor Golden2-like 1 (OsGLK1) that induces chloroplast development (Nakamura et al. 2009) , and tolerance to low-nitrogen stress by the overexpression of an fl-cDNA encoding the rice calcium-dependent protein kinase 12 (OsCPK12) (Asano et al. 2010) . To confirm the reproducibility of such mutations in the FOX lines, Nakamura et al. (2007) retransformed nine fl-cDNA constructs individually into rice plants. Eight of the nine retransformed populations recapitulated the altered phenotypes of the original FOX-rice lines, and the remaining population of single retransformants showed partial reproducibility of the original alterations. The results demonstrated the dominant and stable nature of fl-cDNA overexpression in rice plants.
The potential disadvantages of the FOX-hunting system should be noted. Ectopic overexpression of fl-cDNAs often causes their misexpression, and the altered phenotypes appearing in the FOX plants are not necessarily related to the original function of the transgene (Kandasamy et al. 2002 , Newman et al. 2004 . To better understand the native function of a gene, it is sometimes necessary to obtain different types of mutants or transgenic lines in addition to the FOX lines and to understand the expression profiles of genes of interest (Sato et al. 2010) . However, the above-mentioned disadvantage could also have advantageous aspects, because altered phenotypes due to ectopic overexpression of various fl-cDNAs potentially endow the FOX plants with useful dominant traits (e.g. Nakamura et al. 2009 ). Thus, the collection of rice FOX-rice lines would be a valuable resource for identifying genes and phenotypes of agronomic importance.
Rice FOX-Arabidopsis resources
Recently, transgenic Arabidopsis plants overexpressing rice fl-cDNAs (rice FOX-Arabidopsis lines) have been generated ; Table 2 ). In Arabidopsis, the analysis of gene function can be performed more quickly than in many other plants due to its short life cycle and sophisticated in planta transformation protocol (Clough and Bent 1998 ).
An expression library consisting of a maximum of 13,000 independent rice fl-cDNAs under the control of the 35S promoter was introduced into Arabidopsis. Other examples of similar phenotypes in transgenic Arabidopsis and rice plants overexpressing identical rice flcDNAs can be found on the following website: http://amber. gsc.riken.jp/ricefox/index.php. In some cases, however, altered phenotypes appearing in the rice FOX-Arabidopsis plants were not reproduced in rice plants, presumably because of differences between rice and Arabidopsis with regards to the function, cofactors, and/or regulation of the responsible gene expression ). In other cases, the heterologous expression of rice fl-cDNAs confers useful alterations to the distantly-related species. Using the . P35S, CaMV 35S promoter; PZmUbi-1, maize Ubiquitin-1 promoter; Tg7 and Tnos, polyadenylation signals (terminators) from gene 7 and nopaline synthase (nos) in the T-DNA, respectively. pSMAHdN636L-GateA allows unidirectional cloning of individual FAIS rice fl-cDNAs using the Gateway technology. POsAct-1, rice Actin-1 promoter; Pnos and Tnos, promoter and polyadenylation signal from the nos gene in the T-DNA, respectively; TiaaM, polyadenylation signal from the Agrobacterium iaaM gene; attR1 and attR2, Gateway recombination sites; Cm R , chloramphenicol-resistance gene; ccdB, suicide marker for bacterial counterselection; Sp R , spectinomycin/streptomycin-resistance gene from Tn7; staA, region involved in plasmid stability from Pseudomonas plasmid pVS1; repA-LC, replication protein A gene (low-copy type); pVS1 ori, replication origin from pVS1 for plasmid maintenance in Agrobacterium; ColE1 ori, ColE1 replication origin from pBR322; hpt, hygromycin-resistance gene; LB, left border; RB, right border. Transformation of rice (Oryza sativa L. cv. Nipponbare) was performed as described by Toki et al. (2006) .
rice FOX-Arabidopsis lines, overexpression of a rice flcDNA for the A2 type heat stress transcription factor OsHsfA2e exhibited enhanced tolerance to heat and salinity stresses (Yokotani et al. 2008) . Furthermore, the overexpression of a rice fl-cDNA for a NAC transcription factor ONAC063 displayed tolerance to high-salinity and osmotic stresses (Yokotani et al. 2009 ). Dubouzet et al. (2010) recently identified rice BRAOD-SPECTRUM RESISTANCE 1 (BSR1) gene encoding a putative receptor-like cytoplasmic kinase that confers resistance to major bacterial and fungal pathogens in both Arabidopsis and rice. Albinsky et al. (2010) reported that metabolomic screening of a population of FOX lines was useful for identifying and characterizing unknown genes in both Arabidopsis and rice. In conclusion, both the advantages and disadvantages of this heterologous FOX-hunting system should be considered to make optimal use of this resource in both basic and applied research.
Future prospects
The number of protein-coding rice genes was estimated to be ~32,000 (RAP 2007 (439) per total TF fl-cDNAs (2,262) in the expression libraries) was less than we expected (26.6%, the number of integrated fl-cDNAs (7,382) per total fl-cDNAs in the FOX libraries (27,803); Table 2 ). Recently, Weiste et al. (2007) optimized a batch procedure to characterize small collections of open reading frames (ORFs), such as 35 members of the ethylene response factor (ERF) family of Arabidopsis using Gateway-compatible ORF expression vectors for plant transformation. A miniscale FOX-hunting system was used to screen 43 stressinducible transcription factor genes of Arabidopsis to identify genes involved in salt stress tolerance. Screening of the T 1 generation led to the rapid identification of the function of AtbZIP60 (Fujita et al. 2007 ). To generate a new population of rice FOX-rice lines bearing fl-cDNAs that had not yet been introduced in the rice FOX-rice lines, we have been transforming rice with individual fl-cDNAs encoding rice TFs rather than transforming with a pool of fl-cDNAs. This method also allows us to avoid possible bias against rice flcDNAs for TFs in the rice FOX-rice plants.
The overexpression of certain genes can disrupt cell proliferation and growth, especially genes involved in regulating stress responses (Gilmour et al. 2000 , Kasuga et al. 1999 . The controlled cDNA overexpression system (COS) was designed to screen for regulators of stress responses in Arabidopsis (Papdi et al. 2008) . The COS cDNA library was constructed in an estradiol-inducible expression vector using the Gateway technology. Twenty-seven cDNAs were identified as conferring stress-tolerant phenotypes in an estradioldependent manner by screening large populations of COStransgenic Arabidopsis plants (Papdi et al. 2008) . Although this type of transgenic population has not been developed in rice, an inducible expression system would be of great value for screening key genes that are responsible for stress responses but cause growth defects when constitutively overexpressed.
A novel gene-silencing technology, designated chimeric repressor silencing technology (CRES-T), has been developed as a powerful tool for the elucidation of TF gene function (Hiratsu et al. 2003) . A plant-specific repression domain derived from a transcriptional repressor is attached to a TF. When the chimeric repressor is overexpressed in plants, it dominantly suppresses the expression of target genes and confers loss-of-function phenotype(s). This effect is not limited to the activity of the TF itself but extends to other endogenous TF(s) with functional redundancy (Hiratsu et al. 2003) . This technology is widely applicable to many plant species, including rice (Mitsuda et al. 2006) , ornamental plants and Arabidopsis (Mitsuda et al. 2008) .
As mentioned, the function of rice genes can be analyzed using Arabidopsis as a heterologous host . Recently, the wild grass Brachypodium distachyon has been recognized as a new model monocot species because of its short life cycle (less than three months), small size (15-20 cm), small and sequenced genome, and ease of transformation (Bevan et al. 2010) . In future work, novel combinations of heterologous systems, such as rice flcDNAs and Brachypodium, may become useful transgenic resources with gain-of-function phenotypes and provide a new framework for crop improvement and the efficient and speedy analysis and evaluation of gene function.
